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Abstract
vitaliSHOE is a multimodal sensor system for insole motion measurement, originally developed for the
assessment of gait parameters in ambient assisted living and rehabilitation by the Austrian research institute
CEIT Raltec. It is diﬃcult to measure gait parameters in-situ, over longer periods of time and without
aﬀecting the user (e.g. in long-distance running). vitaliSHOE is a mobile and low-eﬀort motion analysis
system which measures pressure, acceleration forces in all three spatial directions and the angle between
subsurface and insole of the users foot. All data are recorded with a sampling frequency of 50 Hz and a
resolution of 10 bit and stored on a micro SD memory card. Evaluation of the pressure measurement system
and the acceleration and angular data was carried out with medilogic (T&T, GER) and Vicon Peak Motus
(USA), respectively. The majority of the results show very strong correlation (r > 0.9) between the data
from vitaliSHOE and the corresponding reference systems, which represents a strong linear relationship.
c© 2012 Published by Elsevier Ltd.
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1. Introduction
Instrumented gait analysis is a widely accepted method to assess gait parameters in sports
and rehabilitation. However the acquisition of relevant data requires tedious procedures in sub-
ject preparation as multiple measurement techniques require multiple devices which have to be
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mounted on the subject and can inﬂuence gait patterns (e.g. surface markers, pressure measure-
ment insoles, acceleration sensors, etc.) and furthermore make it impossible to record data over
longer period of time or under non-laboratory conditions.
To overcome these restrictions the Central European Institute of Technology (CEIT RALTEC,
Schwechat, AT) developed an instrumented insole for shoes which can measure certain gait pa-
rameters (pressure, acceleration in all three spatial directions and the angle between subsurface
and insole of the users foot) called vitaliSHOE [1]. These insoles can be worn by subjects to
assess long-term gait parameters and were originally developed to examine the daily motion and
gait activities of older people [2].
Due to the character of the used sensors the system could be widely used for any application in-
volving gait. The application for sports could typically be the assessment of gait parameters dur-
ing long-term sports-activities such as e.g. sprinting, mid- and long-distance running in track and
ﬁeld sports. Though the acquired data do not inhere the same precision as specialised measure-
ment devices do, general conclusions can be drawn concerning relevant parameters. The follow-
ing paper examines the correlation coeﬃcient (Pearson’s r) of measurement data of vitaliSHOE
and state-of-the-art systems for assessing pressure- and motion-data.
It is hypothesized that vitaliSHOE-data and data of the state-of-the-art systems (reference system
pressure (RefP): T&T medilogic (T&T, Scho¨nefeld, GER), reference system motion analysis
(RefMA): Vicon Peak Motus (Vicon Inc., Oxford, UK) with 50 Hz DV-cameras) show strong
correlation (r > 0.8).
2. Materials and Methods
The vitaliSHOE consists of a removable insole that is equipped with a triaxial accelerometer
(ADXL 346, ANALOG DEVICES, Norwood, US), a triaxial gyroscope (ITG-3200, InvenSense,
Sunnyvale, US), four pressure sensors (A401, Tekscan, South Boston, US), a wireless module
(KC-22 Bluetooth OEM Micro Module) and an accumulator (Lithium-Polymer, 250 mAh). All
data are A/D-sampled with a frequency of 200Hz and diﬀerent resoultions (10bit, 12bit and
16bit) for the diﬀerent sensors. The data are are downsampled to 50 Hz for recording and trans-
mitting. Data can be stored on an integrated micro SD memory card (Figure 1(a)).
The sensors of the vitaliSHOE are placed on the sole to ensure the most relevant parameters are
recorded. Thus pressure sensors are placed beneath the position of big toe (BT), metatarsal head
I (MH-I), metatarsal head V (MH-V) and heel (HE) respectively. The triaxial acceleration sen-
sor and triaxial gyroscope are situated below the subject’s metatarsus to provide signiﬁcant data.
With the four pressure sensors time of initial contact and toe-oﬀ can be calculated as well as the
position of the centre of pressure (COP) in each instance of time during the stance-phase.
The gyroscope provides information about the orientation of the foot-segment in three-dimensional
space by calculating roll, pitch and yaw of the vitaliSHOE. Whereas the triaxial acceleration sen-
sor delivers additional information about initial contact and amplitude and direction of the foot
during the swing-phase (in combination with gyroscopic data).
For the calculation of the relevant gait parameters (COP-progress, step length, walking speed
etc.) several algorithms were developed which are not part of this paper as only the evaluation of
the embedded sensors is reported.
A male subject (age: 24 yrs., shoe-size: EU 43/US 10) was equipped with two vitaliSHOE
insoles (for the right and left foot respectively, size: EU 43/US 10) placed in a pair of commer-
cially available adidas running shoes. On the outside of each shoe four retroreﬂective markers for
the optical motion analysis were placed (16mm markers at heel, toe, 20mm markers at lateral,
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Figure 1. (a) Schematic view of the vitaliSHOE (left insole), light gray circles mark pressure sensors (big toe (BT),
metatarsal head I (M1), metatarsal head V (M5), heel (HE)), the gray box marks the positon of the triaxial acceleration
sensor (a) and triaxial gyroscope (ω); (b) Marker placement on the running shoe, the shoe is coated with black adhesive
tape to enhance marker contrast.
medial midfoot area) (Figure 1(b)) which were later used to create the foot’s local coordinate
system parallel to the acceleration sensor’s orientation and to transfer the segment’s origin to the
relative known position of the acceleration sensor within the shoe.
Between the vitaliSHOE and the subject’s foot medilogic pressure measurement insoles (size
EU 43/44) were placed to record the pressure executed on the vitaliSHOE’s pressure sensors by
the foot therefore the four relevant areas of the medilogic sole matching the vitaliSHOE sensor’s
location were determined.
The subject was asked to perform several gait cycles on a treadmill (quasar med 4.0, h/p cos-
mos sports & medical gmbh, Nussdorf-Traunstein, GER) with velocities of 3, 4 and 5 km/h
respectively. During all gait cycles motion data were recorded with four digital video cameras
(720 × 576 pixel, 50 fps) and the capture volume was lit with four 1000W video spotlights. Fur-
thermore all data of the vitaliSHOE’s sensors were recorded online via a ZigBee connection and
a specially designed Java (Sun Microsystems, Santa Clara, US) application.
All data were exported and analysed using Matlab 7.6.0 R2008a (Mathworks, Natick, US). By
ﬁnding indicators for gait relevant events (i.e. heel strike and toe oﬀ) all data were divided into
steps (heel contact to next heel contact) of one foot and time-normalized to 100% of the gait
cycle. For each walking velocity mean and standard deviation of the research-parameters were
calculated and compared between the diﬀerent systems. A correlation coeﬃcient (Pearson’s r,
r) was calculated for data of the matching measurement devices, i.e. for angular displacement:
triaxial gyroscopes and optical motion analysis, for acceleration: acceleration sensor and optical
motion analysis, for insole pressure: pressure sensors and overlying areas of the medilogic in-
soles.
Results showed that the pressure sensors of the vitaliSHOE went into saturation during initial
contact (i.e. heel strike) thus data was further processed by removing the data for the duration of
saturation and missing data points were then interpolated along their ﬁrst non singleton dimen-
sion using a spline interpolation of 3rd order.
3. Results
Mean values and standard deviations of the instants of time of maximum pressure for each
pressure area and for each velocity are displayed in Table 1. Table 2 shows the correlation coef-
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Figure 2. An optical comparison of the acquired data of the vitaliSHOE sensors and the reference systems (solid line:
vitaliSHOE ± standard deviation (dark grey area), dash-dotted line: RefMA and RefP ± standard deviation (light grey
area)). Acceleration of the right foot at a walking speed of (a) 3 km/h and (b) 5 km/h; Angle between the right foot and
the treadmill surface at (c) 3 km/h and (d) 5 km/h; Pressure at a walking speed of 5 km/h for (e) the right toe and (f) the
right heel.
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Table 1. Instants of time the maximum pressure at diﬀerent regions of the sole (HE: heel, MH V: metatarsal head V, MH
I: metatarsal head I, BT: big toe) and diﬀerent walking speeds in percent of gait cycle occuring for the diﬀerent systems
(RefP: reference system pressure, vS: vitaliSHOE; *approximation due to the mathematical interpolation, **missing
results due to sensor malfunction)
HE MH V
km/h RefP vS RefP vS
le
ft
3 19.22±4.89 15.19±1.83* 46.99±3.61 44.48±3.43
4 13.50±3.47 14.57±1.47* 49.36±4.06 44.13±1.85
5 13.15±3.57 13.07±1.07* 48.34±8.20 40.87±4.07
ri
gh
t 3 17.82±1.57 18.90±1.38* 47.83±3.81 47.24±1.60
4 17.44±1.65 17.22±1.33* 47.02±1.88 45.49±1.29
5 15.53±1.41 15.00±1.11* 42.08±10.55 41.58±5.86
MH I BT
km/h RefP vS RefP vS
le
ft
3 52.36±2.93 48.64±2.41 55.42±1.85 -**
4 50.44±2.41 48.13±1.98 55.28±1.14 -**
5 48.16±4.08 47.33±2.41 54.42±1.79 -**
ri
gh
t 3 53.03±2.01 51.97±1.39 56.67±1.78 55.55±1.23
4 51.78±1.93 50.18±1.57 55.74±1.27 53.00±1.27
5 49.58±1.82 48.55±1.21 54.14±1.22 50.85±1.08
ﬁcients for the means of the pressure data of the RefP and vitaliSHOE system.
To optically compare acceleration and angular data of the RefMA system to vitaliSHOE data at a
given velocity both are plotted in the same graph. Figure 2(a) and Figure 2(b) show the graphs of
the acceleration at diﬀerent walking speeds for the right foot. Figure 2(c) and Figure 2(d) show
the graphs of the angular data for the right foot at diﬀerent walking speeds.
As for the pressure data also the correlation coeﬃcients for the acceleration and angle data are
calculated for the mean values of RefMA and vitaliSHOE. The correlation coeﬃcients for each
side and each velocity of the RefMA and vitaliSHOE data are listed in Table 2. An optical com-
parison of the pressure data is displayed for the toe of the right foot at 5 km/h in Figure 2(e)
and at 5 km/h for the heel of the same foot in Figure 2(f). For comparison of the RefP to the
vitaliSHOE data, they are plotted in percent of their maximum value.
Table 2. Correlation coeﬃcients for pressure data of RefP and vitaliShoe pressure measurements at diﬀerent walking
speeds (HE: heel, MHV: metatarsal head V,MH I: metatarsal head I, BT: big toe; *approximation due to the mathematical
interpolation, **missing results due to sensor malfunction)) and correlation coeﬃcients for acceleration and angular data
of RefMA and vitaliShoe measurements at diﬀerent walking speeds.
km/h HE MH V MH I BT acceleration angle
le
ft
3 0.9332* 0.9660 0.9922 -** 0.8087 0.9009
4 0.9900* 0.9222 0.9596 -** 0.8494 0.9222
5 0.9850* 0.8926 0.9421 -** 0.8923 0.9622
ri
gh
t 3 0.9897* 0.9895 0.9410 0.9952 0.8305 0.9190
4 0.9888* 0.9768 0.9419 0.9711 0.8979 0.9537
5 0.9830* 0.9780 0.9539 0.9771 0.9036 0.9273
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4. Discussion
In general the standard deviation of the traces from the RefP pressure data is higher than the
standard deviation from the vitaliSHOE pressure data, as can be seen in Figure 2(e). An excep-
tion are the pressure traces of the heel pressure area due to the interpolation of the vitaliSHOE
data (Figure 2(f)). Because of the interpolated vitaliSHOE heel pressure data the standard devia-
tion is higher than it would be without interpolation. However, the correlation coeﬃcient of heel
pressure data is closer to 1 than it would be without interpolation. A correlation coeﬃcient of
1 represents a perfect linear relationship whereas a coeﬃcient from 0.8 to 1 represents a strong
linear relationship [3]. Thus the correlation coeﬃcient has improved by interpolating the data
but it has to be considered that it is only a mathematical approximation.
Taking a look at the instants of time of maximum pressure on the pressure areas (Table 2) reveals
that the largest deviation between the vitaliSHOE and RefP data is 7.47 % and the average devi-
ation is 2.19 % of the gait cycle. The average standard deviation of the RefP pressure maxima is
±3.04% and the highest standard deviation is ±10.55%, whereas the average standard deviation
of the vitaliSHOE pressure maxima is ±1.94% and the highest standard deviation is ±5.86%. The
correlation coeﬃcients of all pressure areas are at least over 0.95 for the major part (Table 2).
Especially the standard deviation of the RefP pressure areas MH-I and MH-V is higher than the
standard deviation of the toe or heel pressure areas. These results could be caused by a lack of
congruence of the relevant areas of the RefP sole matching the vitaliSHOE sensors location due
to their diﬀerent sizes and shapes.
Regarding the comparison of the acceleration and angular data it is recognizable that the standard
deviation of the RefMA data is higher than the standard deviation of the vitaliSHOE data (see
Fig. 5 to Fig. 10). This is conﬁrmed by the calculated correlation coeﬃcients of the RefMA and
vitaliSHOE data (Table 2) which ranges from 0.81 to 0.90 for the acceleration data and from 0.90
to 0.96 for the angular data. The higher standard deviation of the RefMA data could be caused
typical calculation errors due to marker movement and marker centroid calculation. Nevertheless
the minor standard deviation of the vitaliSHOE data represents high accuracy and reliability.
Summing up it can be stated that the calculated correlation coeﬃcients, which range from 0.81
to 0.99, represent a strong linear relationship between the vitaliSHOE data and the data of the
reference systems. Thus the established hypothesis could be veriﬁed.
Further improvement of the hardware could help avoiding the above-mentioned problems with
the pressure sensors (i.e. sensor saturation due to high impact forces). Especially for sports ap-
plications the pressure sensors should be more resilient than for rehabilitation purposes due to
expected higher walking velocities and thus higher passive and active vertical ground reaction
forces.
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